Relation between genetic diversity and mass production of forest reproductive material is discussed in a holistic manner. In industrial forest plantations, narrow genetic diversity is desirable and reproductive material is produced at clone level. On the other hand, in conservation forestry a wide genetic diversity is imperative. Beside management goals, a desirable level of genetic diversity is related to rotation cycle and ontogeny of tree species. Risks of failure are lower in short rotations of fast growing species. In production of slow growing species, managed in long rotations, the reduction of genetic diversity increases the risk of failure due to causes unknown or unexpected at the time of planting. This risk is additionally increased in cases of seed transfer and in conditions of climate change. Every step in production of forest reproductive material, from collection to nursery production, has an effect on genetic diversity mainly by directional selection and should be considered. This review revealed no consistent decrease of genetic diversity during forest reproductive material production and planting.
Introduction
Genetic diversity (GD) provides the basis for adaptation and resistance to stress and changing environment, and is therefore essential for the long-term survival of forests (Booy et al. 2000 , Schaberg et al. 2008 . High genetic variability allows natural selection to result in adaptation (Savolainen et al. 2007) . A large variation increases chances that at least some individuals in a population are capable to adapt to new environmental conditions. A high GD during artificial establishment of new forest can lead to reduced productivity, but its absence can lead to total failure. Ensuring a minimum level of genetic diversity in founder populations is particularly important in restoration projects (Thomas et al. 2014) .
There is no risk of losing genetic resources if forest populations regenerate spontaneously ). However, GD may be reduced due to natural processes or anthropogenic influence. The highest pressure is on species with medium ecological amplitude, habitat fragmentation and shortened or absent gene flow, which is instead needed for the maintenance of high GD (Habel & Schmitt 2012) . In addition to habitat fragmentation, forest management, which selectively removes trees and their genes from the forest (dysgenic selection), may affect the gene pool of forests (Farwig et al. 2008 , Schaberg et al. 2008 , St Clair & Howe 2011 , usually lessening the number and frequency of rare alleles, thereby lowering the estimates of future genetic potential (Adams et al. 1998 , Schaberg et al. 2004 , Hawley et al. 2005 .
Processes involved in the production of forest reproductive material (FRM, such as seed processing and nursery production) can change the composition and the ratio among individual families in seed lots, seedling stock and in the planted forest at the end. Large changes leads to reduction of GD and unpredictable genetic gain in breeding programs (St Clair & Adams 1993) . The risk of reduction of diversity during production of FRM can be as large as the risk during transfer between seed zones (Campbell & Sorensen 1984) . All processes relating to the production of FRM for artificial reforestation, as well as their interactions, must be well understood in order to maximize genetic gain and maintain GD .
There is little evidence that artificial forest regeneration leads to a reduction of GD at the stand level, regardless the seedlings were originated from natural stands, seed stands or seed orchards (Koski 2000) . Maintaining GD during reforestation/afforestation increases the chance of natural regeneration of new forest (Larjavaara 2008) . Restored populations can be used as future sources of FRM if are properly designed (Thomas et al. 2014) .
Transfer of FRM during afforestation/reforestation has a great influence on GD by changing gene frequency or introducing genes where they were not present before. The traditional "free movement of germplasm" in Central Europe is a complicating factor when discussing GD (Koski 2000 , Kremer 2007 , resulting in a large number of plantations with untraceable origin. Transfer of native species for forest regeneration represent the "experiments in progress" (Hufford & Mazer 2003) and should be monitored, from known origin of FRM to field success and adaptation to changing environment. This paper provides an overview on relation between GD and FRM in a holistic way: from source selection, transfer of FRM, seed processing and seedling production to reforestation/afforestation.
Levels of genetic diversity
Genetic diversity can be considered at different hierarchical levels: species, provenance (population), family and individual level. GD at lower hierarchical levels depends on factors that prevent panmixia or completely random mating between all individuals (Boyle et al. 1997) .
Species level
Maintenance of interspecific diversity in afforestation reduces establishment risks, increases biodiversity and the ability of natural regeneration; the value of forest products can be increased or decreased but it always complicates forest management with different management procedures for different species (Larjavaara 2008) . Therefore, the artificial restoration and establishment of forests is usually performed with a single species. To maximize profit, the foresters often plant exotic, fast-growing species in monocultures (Arbez 2001) . Although number of species used for planting is increasing (Carnus et al. 2006) , the most used species in 2012 at global level were from two genera: Pinus sp. (42%) and Eucalyptus sp. (26% -FSC 2012).
There are potential advantages to be gained by using carefully designed species mixtures in place of monocultures (Kelty 2006) ; in particular, a significant increase in productivity is expected based on projections, as compared with pure stands of the component species (Mason & Connolly 2013) .
Provenance (population) level
Forest tree species are highly heterozygous and contain a high portion of total genetic variation within populations (provenances), while the interpopulation component of variation rarely exceeds 5% (Leonardi & Menozzi 1995 , Paule et al. 1995 , Larsen 1996 . However, differences between provenances can be detected in seed (Kuser & Ching 1981 , Melzack & Watts 1982 , Šijačić-Nikolić et al. 2007 , Rawat & Bakshi 2011 , Caliskan 2014 , seedlings (Stihl & Persson 1991 , Varelides et al. 2001 , Ivetić et al. 2005 , Loha et al. 2006 , Ivetić & Škorić 2013 , and patterns of spatial distribution can be observed as well (Ivetić et al. 2012) . Variation between populations may be clinal or ecotypic and knowledge on pattern of variation is important in cases of FRM transfer.
Family level
The number of families (half-sib lines) in reforestation determines the degree of GD and adaptibility of the new stand or plantation. This number depends on the seed source (seed stands or orchards), seed processing and nursery production. Since GD can be assessed by the effective population size (Ne -Wright 1931) , some forestry authorities use this parameter for the acceptance of FRM. For public reforestation in British Columbia, the minimum Ne recorded for seed lots must be 10 (Stoehr et al. 2004) , thus capturing 95% of the population GD (diversity = 1-1/2Ne - Nei 1973 , Yanchuk 2001 .
Individual level
Genetic diversity within individuals depends on outcrossing and gene dispersal efficiency. In genetically variable tree species it is likely that every seed produced has a different genotype and considerable variation among individuals can be generated in offspring from just only a few parents (Adams et al. 1992) . Use of FRM from outcrossing maintains a wide GD, while diversity at individual level is more important in clonal forestry.
A distinction should be made when discussing the number of clones in seed orchards and in clonal forestry (Lindgren & Prescher 2005) . Therefore, in this section we will address to the number of clones or genotypes in plantations and deal with structure of seed orchards later.
There is no genetic variation within a monoclonal stand, thus diversity must be managed at the estate level (Griffin 2014) . Combining clones allows resilience to environmental stress and yet still confer benefits of clonal forestry (Grossnickle & Folk 2007) . The number of clones or genotypes used in the establishment of plantations should balance genetic gain and loss of genetic diversity. This number with level of risk similar to forest established by seedlings, ranges from seven (Libby 1982) to 30 unrelated clones (Libby & Ahuja 1993) . More recent researches confirmed these recommendations (Bishir & Roberds 1999 , Yanchuk et al. 2006 . For slow-growing species, a larger number of clones must be used.
How much genetic diversity we need to maintain in the mass production of forest reproductive material?
The answer to this question depends on the management objectives, rotation and the breeding level (Fig. 1) . Reforestation for conservation purposes most often involves long rotations and requires a wide GD because chances of hazardous situations rise with time ( Fig. 1) . Long-term trials showed that rare climatic events occurred every 10 or more years and that the prevalent reason of maladaptation was due to seed sources (Johnson et al. 2004 ). Commercial plantations have shorter rotations but narrow GD, as a result of long-term breeding programs, with short rotation coppice as an extreme example.
From the genetic point of view, we can distinguish three ways of artificial establishment of forests, and therefore the mass production of FRM for their needs. These are seedling forestry, family forestry and clonal forestry. In seedling forestry, the number of genotypes in new forests is equal to the number of planted seedlings. In family forestry, the number of genotypes is equal to the number of seedlings from controlled crossing (which is usually small) before vegetative multiplication. In clonal forestry, the number of genotypes is equal to the number of clones used for planting. Obviously, GD must be reduced in order to obtain genetic gain and because of that, it is very important to find the balance between these two objectives (GD and genetic gain) in forestry.
Each subsequent breeding level increases genetic gain but narrows genetic diversity. Increase of risk of failure follows the increase of rotation time. This risk is somewhat lower in case of production and use of good quality FRM.
How mass production of forest reproductive material influence genetic diversity?
Mass production of FRM is based on vegetative or generative reproduction. In this iForest 9: 801-812 Genetic diversity and forest reproductive material paper, we consider sexual reproduction with distinction between FRM from open and controlled pollination (crossing). Controlled crossing is limited in terms of quantity, and its use is often restricted to breeding programs. A combination of controlled crossing with mixed propagation can be used for the mass production of reproductive material, i.e., vegetative multiplication of young seedlings from full-sib families (Boyle et al. 1997) . This method of regeneration is called "family forestry" (Nikles 1992 , Muhs 1993 Boyle et al. 1997) . In this sense, the SO should ensure the improvement of the quality and quantity of seeds, in comparison to the SS (Sweet 1995) , but it contains a limited number of genotypes. The level of improvement is assumed to rise from SS to clonal SO, but simultaneously a decline in genetic diversity may be expected. However, results of the studies rewieved in the following chapter do not support this assumption.
Seed production
Seed source selection GD of seed lots is influenced by the size of the parent population, the balance in the parental reproductive success, the kinship of its members, and by the level of inbreeding (Funda et al. 2012) . A large variability in fertility is observed between and within populations (Kang et al. 2003) , among clones (El-Kassaby et al. 1989 , Bilir et al. 2002 , Nicodemus et al. 2009 , Ertekin 2010 , Li et al. 2011 , and between years (Machanska et al. 2013) . This variability was greater in the stands than in SO (Kang et al. 2003) , in years of low yield (El-Kassaby et al. 1989 ) and in younger populations (Kang et al. 2003) . In SO such variability is somewhat larger on the male than on the female side (Kang et al. 2003) , opposite to what can be observed in natural population (Bilir et al. 2004) . Some of the problems related to the effective population size and balance of parents in reproduction, can be solved with supplemental mass pollination (Franklin 1971 , Sweet 1995 and assisted pollination (Mugnaini et al. 2004 ).
There are concerns about the effective number of parents in the SS and SO because only a portion of individuals contributes to the gametes pool and transmits its genes to the next generation (Hansen & Kjaer 2006 , Burgarella et al. 2007 , Lai et al. 2010 , thereby reducing the effective population size (El-Kassaby 1995) . However, in plantations established from seed originating (or collected) from SO, there is no risk of further reduction of the effective population size in the next generation, because these plantations should not be used for seed collection (Stoehr et al. 2004) .
Properly managed SS can be used as a source of high quality seeds for reforestation until genetically improved seed from SO becomes available. In most cases, the establishment of new forests with FRM originating from SS provides a level of GD similar to wild population from which they comes (Arbez 2001) .
SS must consist of one or more groups of trees properly spaced and in sufficient numbers (OECD 2013b) . Despite open pollination at the family level, there are deviations from the random mating in SS (King et al. 1984) , which should be considered at seed collection. It is often necessary to perform genetic melioration in SS, which include seed trees selection, thinning and other activities that enhance productivity (Mataruga et al. 2010) . Removing phenotypically inferior trees from SS improves the quality of seeds and seedlings (Sivakumar et al. 2011 ), but may reduce the GD of the next generation (Lyngdoh et al. 2013) .
SO represent a link between tree breeding and afforestation (Kitzmiller 1990 , ElKassaby 1992 , Sweet 1995 . The Organisation for Economic Co-operation and Development (OECD) scheme recognizes three types of SO: clonal, family and from material at the provenance level (OECD 2013b). The number of clones or genotypes that should be deployed into the SO is very important in terms of productivity and stand health. This number has to ensure the same level of heterozygosity expected in natural populations and greatly depends on the tree species. On the other hand, the genetic gain is increased through the decrease of the number of clones. In Sweden, Finland and Korea the usual number of clones in conifers SO ranges from 70 to 139 (Kang et al. 2001) , while in the USA 24 clones (14-36) are usually considered for Pinus taeda L. and 42 (25-55) for Pinus elliottii Engelm (McKeand et al. 2003) . For the establishment of SO in Finland the minimum number of clones is 30 (Koski 1980) and in Sweden the proposed number is 20 clones (Lindgren & Prescher 2005) . Concerning the number of clones to include in the establishment of SO, different recommendations are made by a number of authors: more than 20 clones (Johnson & Lipow 2002) , no more than 30 (Yanchuk et al. 2006) or 40 (Bishir & Roberds 1999) , between 30 to 40 (Roberds & Bishir 1997) , more than 40 (Koski 2000) . However, not all clones should be represented with an equal number of ramets (Lindgren 1974 , Lindgren & Matheson 1986 , Hodge & White 1993 ).
There is concern about the GD of seed lots from SO, because if a lower heterozygosity results from an increased level of inbreeding, we can expect a reduction of fitness (Booy et al. 2000) , which may jeopardize the success of the establishment of new forests. However, the results of the reviewed studies are not conclusive (see Tab. 1). In all the eight studies reviewed here, isozyme markers were used to estimate the level of GD. There are more than one study only for Picea sitchensis and their results are similar.
The total number of alleles (A) was higher in two SO of Picea sitchensis, compared to their natural populations (NP). In other three studies reporting A, allelic richness is reduced in SO. However, in all studies some alleles which were not observed in NP were recorded in SO.
The number of alleles per locus (An) and the percent of polymorphic loci (P) in SO were equal to natural populations for Thuja plicata and Picea glauca x engelmanni; higher for Picea sitchensis (significantly) and Pseudotsuga menziesii, but lower for Picea glauca and Pinus banksiana.
The percent of polymorphic loci (P) was equal in SO and NP of Thuja plicata and Picea glauca x engelmanni; and higher for Picea sitchensis and Pseudotsuga menziesii. The polymorphism of loci in the SO was lower for Picea glauca and Pinus banksiana.
The expected heterozigosity (He) was higher (not significantly) for Picea sitchensis and similar for other species.
The above results indicate that phenotypic selection at the early stage of breeding of highly polymorphic species does not significantly reduce genetic variability, likely due to the sampling of trees for plantation establishment from widely distributed natural populations (El-Kassaby & Ritland 1996) . These results are confirmed in more recent study for Picea glauca (Namroud et al. 2012) , where single-nucleotide polymorphisms (SNPs) were used to assess the potential impact of artificial selection for height growth on the genetic diversity. The comparison of same-size control populations with different family selection intensities did not result in notable differences in standard genetic diversity estimates.
Seed collection
Seed collection is the critical stage in mass production of FRM for maintaining of GD. A large portion of the original GD in seed sources can be lost when seeds are collected from a small number and/or from inappropriate trees.
Two methods of collecting seeds are commonly applied (OECD 2013a). The first method involves the collection at SS level, not taking into account the parents' participation in seed lots. The second method is based on the collection of the same amount of seeds from each maternal plant (unit of collection), thereby better preserving GD. However, during collection, seeds are usually bulked in a seed lot at population or family level. In this regard, a seed lot represents the bulk of all parents that participate in seed production, though not all parents are equally represented. Once seeds of individual families (mother trees) are mixed, control over the participation of individual families to the seed lot is lost.
A uniform harvesting across the whole collecting area is recommended (Konnert & Hosius 2010) . The number of mother trees depends on the overall size of the area covered by seed collection, but the recommendations for this number vary depending on the source. The loss of genetic diversity in the next generation is inversely proportional to the number of sampled parents (Bila 2000) ; therefore, a smaller amount of seeds collected from many parent trees is more effective on GD maintenance than the opposite. For most purposes it is recommended to collect the same amount of seeds from at least 20 (Pacalaj et al. 2011) or 50 distant mother trees, so that each seed tree contributes with approximately 4% or 2%, respectively, to the seed lot. In case of seed collection from 50 trees, the expected reduction in heterozygosity is 1% (Mataruga et al. 2013) . However, it is safe to accept the recommendation that seed should not be collected from less than 40 trees, except in some cases (OECD 2013a) . This number can be lower in natural distributed species or in pioneer species, and higher in dioecius species (Mataruga et al. 2013) . Generally accepted rules have been developed for how many samples one should collect to capture at least 95% of genetic variation (measured as alleles) with the least effort (Thomas et al. 2014) .
Mother (seed) trees should be carefully selected during collection and this is usually done by phenotypic selection. Phenotypic selection successfully conserves genetic variation in natural populations and presents an easy and inexpensive way to provide material for further breeding (ElKassaby 1992) .
Despite a sufficient number of properly selected seed trees is chosen for collection, the family ratio in the seed lot may be uneven. Number of viable seeds from different families may differ because of the unequal number of collected seeds, fruits or cones, different number of seeds in the fruits or cones and different viability due to the state of maturity, insect attacks, infections and maturation (Schmidt 2000) .
Collecting seeds in non-mast years leads to a reduction of genetic diversity, as seeds from a small number of parents are included which generally are not representative of the population. Due to the large variation in the genetic structure of seed crops between years (Nikkanen & Ruotsalainen 2000, Kulková 2007 , Nielsen & Hansen 2012 , diversity can be preserved by mixing seeds collected in different years (Kang et al. 2005) . Moreover, collecting seeds from trees of different age groups mimic natural regeneration and increases adaptive potential. However, cutting the youngest trees to implement a seed tree regeneration method leads to a reduction in the frequency of certain alleles; for this reason, collecting seeds from trees of different ages may preserve rare alleles to the next generation (Adams et al. 1998) . Care should be taken to avoid unintentional selection of traits during seed harvest (e.g., systematically discarding small seed), and growth rate, timing of flowering and fruiting and harvesting time window should be also considered (Thomas et al. 2014 ).
Seed processing
Seed processing can lead to a decrease in GD by reducing the participation (or even the elimination) of some families from the initial seed lot. Most methods of seed processing are custom to average sized seed. Indeed, seeds closer to the average for any trait subject to processing, are less likely to be accidentally eliminated (Schmidt 2000) .
As seeds of different families may differ in size, weight, morphological and physiological characteristics, some families may be preferentially subject to selective pressures and can be eventually discarded from the final seed lot. Equal representation of all families in the seed lot is not possible in practice, unless each family is processed separately , Schmidt 2000 . Systematic elimination (directional selection) carries a higher risk for the reduction of GD in the seed lot, as certain types of seeds are discarded based on physiological and especially the physical properties of seeds, which are under strong genetic control of mother trees. Unlike the systematic, random elimination has less impact on the genetic constitution of seed lot, because the seed probability to be eliminated does not depend on its physical or physiological traits. An example of random elimination is seed storage, when storability of large and small seeds or seeds from different families is the same (Schmidt 2000) .
Seed grading
Seed grading is usually based on seed size and weight, and leads to rejecting a certain amount of small, but still viable seeds. This procedure can change the genetic constitution of the whole seed lot, discarding entire families with smaller seed size. However, even in the absence of seed grading a similar effect may occur, as the plants developed from small seeds are smaller and show a higher mortality rate (Campbell 804 iForest 9: 801-812
Tab. 1 -Differences in the parameters of genetic diversity among natural populations (NP) and seed orchards (SO). ( A): total number of alleles; (Au): number of alleles observed only in NP or SO; (An): number of alleles per locus; (P): % of polymorphic loci; (He): expected heterozygosity); (*): first generation; (**): second generation; (+): arithmetic mean of replicates reported separately in the original study. 
Genetic diversity and forest reproductive material & Sorensen 1984).
The size and weight of seeds are under strong parental genetic control (Annapurna et al. 2005 , Carles et al. 2009 , Singh & Sofi 2011 . In addition, seed size and weight also differ in relation to maturity (Campbell & Sorensen 1984) , position of reproductive structures, external conditions and year (Farmer 1997) . As a consequence, grading based on seed size and weight entails at the same time a selection of other characteristics related to these.
The size and weight of seeds are positively associated with viability and germination parameters (Cicek & Tilki 2007 , Singh & Sofi 2011 . There is also a strong positive relationship with seedling attributes such as size and survival (St Clair & Adams 1993 , Cicek & Tilki 2007 , González-Rodríguez et al. 2011 ), but it weakens with time (Carles et al. 2009 ). However, although large seeds can provide rapid and successful germination and early seedlings growth, this is not necessarily related to the embryos genetic potential for growth (Schmidt 2000) . Indeed, some results suggest that seed size is under moderate genetic control (i.e., seed size has a lesser impact on seedling attributes), while germination parameters are under strong genetic control (Chaisurisri et al. 1992 , Annapurna et al. 2005 . Lack of seed effect on seedling attributes was also observed . Therefore, what is obtained in terms of physiological quality by selecting only the most viable seeds may be lost in terms of genetic quality and diversity (Schmidt 2000) . For this reason, recommend mixing of sound and viable seeds from all size classes before storage or sowing.
Seed storage and pre-sowing treatments
Seed storability is under strong genotype influence and the preservation of viability during storage largely differs among families (Schmidt 2000) . In this case, the risk of narrowing GD lies in the possibility that seeds with a relatively low vigor completely lose their viability over a long-storage period. In addition, seed dormancy has a strong genetic basis; therefore, seeds from different families may differently react to the pre-sowing treatments, and viable seeds can remain dormant during the germination period. However, seed treatment and stratification has been reported to have only minimal effects on the genetic structure of reproductive material (Konnert & Hosius 2010).
Germination
Seed germination may strongly decrease GD of seed lots due to different germination capacity, speed and vigor among families and individual seeds, and may lead to either under-or overestimation of the effective population size of seed lots (Funda et al. 2012) . In fact, the lack of germination of an individual family is actually positive as long as it is the result of genetic control, because a family of low genetic potential is eliminated from the nursery stock. However, if the absence of germination is due to seed processing, families with high genetic potential will not transfer genes into nursery stock, thereby changing the effective population size. The speed and vigor are important features because, in favorable nursery conditions, seedlings are immediately able to capture the available resources.
Seed germination parameters are under strong genetic control both in gymnosperm (El-Kassaby et al. 1993 , Davidson et al. 1996 , Carles et al. 2009 ) and angiosperm (Thomsen & Kjaer 2002 , Annapurna et al. 2005 ). This control is particularly pronounced in gymnosperm (Schmidt 2000) , and can be explained by the maternal contribution which is dominant over the paternal . However, it is very difficult to distinguish the genetic influence on germination from the influence of seed processing, in particular storage and dormancy.
Seed germination is an important parameter for seedlings production. This is well explained by Campbell & Sorensen (1984) : "In species with low germination capacity most of the loss occurs before germination, but in species with high germination capacity, the losses are associated with the rejection of the seedlings at the end of production. When the germination is weak, growing density in seedbed is low and most of the seedling exceed standard for rejection; when the seed germinates well, the density is high and larger number of seedlings does not satisfy standard criteria".
Seedling production
A high GD included in seed lots after collection may be contrasting with the uniformity desired for mass production of seedlings in the nursery. Indeed, seeds with uniform germination and seedlings with consistent growth are easier to be cultivated in the nursery. In addition, nursery operations are more effective when carried out in a homogenous environment.
A significant reduction in GD may take place in the nursery, depending on nursery conditions and production methods. Production of seedlings under environmental conditions much different from those at the seed collection site may cause directional selection at this stage or after planting (Campbell & Sorensen 1984) . Furthermore, it is often assumed that seedlings should be raised under climatic conditions similar to those at the future planting site, to avoid selective effects, but even if this seems optimal, it is not realistic (Konnert & Hosius 2010) .
Distinction should be made between production of bareroot and containerized seedlings. Risk of reduction in GD by directional selection is lower in production of bareroot seedlings with sowing seeds in the beds. However, selection pressure is stronger in bareroot nurseries compared to container nurseries, due to harsher field conditions during germination. Uniformity of growing conditions is a keystone for commercial nursery production. There are evidences that temporarily heterogeneous environmental conditions might promote a higher survival of heterozygote genotypes, while homozygosity could be favored in relatively homogeneous conditions (Finkeldey & Ziehe 2004) . However, the majority of the study did not confirm any reduced heterozygosity of seedlings grown under optimal, homogeneous environmental conditions (Tab. 2).
The production of containerized seedlings may also lead to a possible reduction of GD in the seedling stock. Indeed, more than one seeds are usually sown per cell and smaller seedlings are removed after germination. This results in an undesired directional selection favoring parents with less dormant and fast-germinating seeds, though their seedlings do not necessarily show better performances in the field. To this purpose, recommend to sow one seed per cell or sowing of separated families, not the whole seed lots. Difference in seedling size among families has been well documented (Mathew & Vasudeva 2005 , Jacobs et al. 2006 , Woeste et al. 2011 , Devetaković et al. 2013 ). However, differences in family composition between the initial seed lot and the final seedling stock are often not large enough to justify the increased costs of producing seedlings from different families separately (St Clair & Adams 1993) .
Based on the literature examined, there are no evidences that nursery operations might reduce GD. In five reviewed studies, seedling stocks did not show significant differences in GD parameters as compared to their relative seed lots (Tab. 2). In addition, seedling stocks of Pseudotsuga menziesii var. menziesii used for artificial regeneration had a significantly higher level of GD compared to natural regeneration (Adams et al. 1998 ). Similar results have been reported for seedling stocks of Pinus contorta var. latifolia, with GD parameters similar to those of unmanaged stands, but higher compared to natural regeneration (Thomas et al. 1999) . Furthermore, no reduction of GD through seedling production was observed in Pseudotsuga menziesii (Mirb.) Franco (St Clair & Adams 1993 , Konnert & Ruetz 2006 and Fagus sylvatica L. (Konnert & Ruetz 2003) . In these studies, the similar GD found in the seedling stock as compared with the original population has been attributed to the favorable conditions of growth in the nursery, making the selection pressure in the nursery weaker than in nature. Contrastingly, significantly lower values of the GD parameters in the seedling stock compared to the parent seed stand have been reported only for Quercus ilex L. (Burgarella et al. 2007 ). The authors attributed this evidence to an inappropriate seed collection, which was limiForest 9: 801-812 805
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Culling
Grading and culling of seedlings is a routine procedure in nursery as integral part of lifting and packaging. Culling is usually based on height, diameter and physical damage. Culling based on physical damage does not represent a directional selection (the damage often occur by chance), while culling based on size can be directional, depending on the genetic control of height and diameter (Campbell & Sorensen 1984) . Genetic control of multiple traits related to to seedlings development has been reported (Wu & Yeh 1997) , though many nongenetic factors may affect seedling size.
Culling based on height and diameter partially discards inbred plants and other poor or abnormal genotypes, thus increasing the adaptability and growth capacity of the seedling stock. Such procedure does not constitute a directional selection, as inbred seedlings are usually inferior, susceptible to disease and often can not survive under field conditions. However, removing smaller plants from seedling stock can discard genotypes with possible faster growth at later stages. There are numerous examples that smaller seedlings in the nursery achieve a faster growth in the field (Rietveld & Sambeek 1989 , Thomson & Schultz 1995 , Jurásek et al. 2009 ). Careless selection of fast-growth families may represent the most important factor affecting GD (Davidson et al. 1996) .
In this context, standards for seedlings culling should be determined by seed origin (seed stands, seed orchards and full-sib crossing) and nursery conditions (McClaren et al. 1994) . In order to prevent further narrowing of GD, cultivation of all plants is recommended, including those that would be discarded based on the size. These can be grown one additional year in the nursery and used for planting on the same site (Jurásek et al. 2009 ).
Reforestation (artificial regeneration)
Reforestation activities largely depend on the goals, with distinction between forest regeneration and tree plantations. These goals must be a compromise between productive and non-productive (benefit) functions (e.g., biodiversity, landscape, environmental protection). Artificial regeneration of forests should replace the felled stand with a new, well-stocked and better quality stand (Skrøppa 1994) , while in general tree plantations are defined as planted forests of commercially important species (Lindenmayer et al. 2003) .
Artificial regeneration is the most obvious silvicultural practice resulting in possibly drastic changes of genetic structures not only in the planted stands, but also in the neighboring forests via gene flow (Finkeldey & Ziehe 2004) . The genetic structure and variation of artificially established forest stands may be conditioned at the species (monocultures or species mixtures) and individual (monoclonal or polyclonal) levels, depending on the initial seed lot and the seedling stock. Since GD of tree plantations was previously discussed, here we will deal with reforestation and artificial regeneration of forests only.
Distinction should be made between the establishment of new forests by direct sowing and planting of seedlings. From the genetic point of view, reforestation by direct sowing has a lower impact on GD as compared with planting seedlings (Mataruga et al. 2013 ). On the other hand, seedlings are by far the most used type of FRM in artificial regeneration.
Based on the literature analyzed in this review, differences between natural (including those from natural regeneration) and planted populations are not conclusive (Tab. 3). Seven out of 13 reviewed studies reported reduction of GD after artificial regeneration and this reduction was significant in three cases: Picea glauca (Rajora 1999) , Pinus brutia Ten. subsp. brutia (AlHawija et al. 2014) and Dalbergia sissoo (Pandey et al. 2004 ). The results previously obtained in Picea glauca by RAPD markers (Rajora 1999) were reassessed using microsatellites by Fageria & Rajora (2014) ; a similar trend of reduction in GD was found, but the differences between progeny from phenotypic selection and natural regeneration were not significant (Tab. 3). The significant decrease of GD parameters from natural stands to plantations observed in Pinus brutia Ten. subsp. brutia (Al-Hawija et al. 2014) should be considered with care, since the small sample size analyzed and the origin of seeds used for plantation (obtained from older plantations, not from SO or natural SS). Pandey et al. (2004) found no variation at the Gdh-A locus in five plantations, while two to four alleles were found at the same locus in five natural populations. This complete fixation of Gdh-A gene locus in plantations was probably due to inappropriate seed collection (seed origin was unknown) from a small number of trees.
The above results suggest no significant negative impact of artificial regeneration per se on GD. Nonetheless, this impact is clearly influenced by the type of FRM and the level of GD captured in FRM.
Transfer of forest reproductive material
Although the transfer of FRM is not directly related to its production, knowledge of the future use can provide important guidance for mass production. The success of reforestation in the case of transfer of reproductive material is directly dependent on the ability of a population to adapt to the new environmental conditions. Previous work has mainly focused on pairing provenances or genotypes with sites 806 iForest 9: 801-812
Tab. 2 -Differences in the parameters of genetic diversity between the seed lot (SL) and the seedling stock (SS). (A): total number of alleles; (An): number of alleles per locus; (P): % of polymorphic loci; (He): expected heterozygosity; ( 
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Genetic diversity and forest reproductive material where they adapted well and where they can be well recovered. Transfer of reproductive material should be based on knowledge on planting site, species genetic diversity and biology ).
Transfer of reproductive materials contributes to gene flow, introducing new genes into local gene pools or changing the local frequencies of genes already existing in the local pool (Adams et al. 1992) . Uncontrolled transfer and the use of FRM of unknown origin pose threats to the adaptation and/or the adaptive potential of tree plantations, and its consequences are not necessarily restricted to plantations (Finkeldey & Ziehe 2004) .
Provenance tests show that transferred populations often perform as well as the local provenances or better (Ivetić et al. 2005 , Krakowski & Stoehr 2009 ). Provenances from warmer climate grow faster than the local populations, as long as they are not transferred to a much different climate (Schmidtling & Myszewski 2004) . This may be due to the fact that plants from warmer climate grow longer in the fall than in colder climates (Jayawickrama et al. 1998) and this growth pattern is maintained in the new conditions. However, favorable growth environments for specific provenances or populations are currently changing due to climate change, bringing the need of redefining the concept of local gene pool and seed zones (Bunnell & Kremsater 2012) . Forest tree populations planted today must face climate challenges during this century (Williams & Dumroese 2013) . In this context, there are three possible outcomes for forest tree populations in a rapidly changing environment: persistence through migration, persistence through adaptation in current locations and extirpation (Aitken et al. 2008) .
There is concern that local natural adaptation and migration of plants can not keep up pace with climate change. However, evolution of trees can take place in just a iForest 9: 801-812 807
Tab. 3 -Differences in the parameters of genetic diversity between initial population or natural population and new plantations. ( A): total number of alleles; (An): number of alleles per locus; (P): % of polymorphic loci; (He): expected heterozygosity; (Ho): observed heterozygosity); (+): Arithmetic mean of replicates separately reported in original study. few generations or less than 200 years and, in some cases, even only one generation is needed for local adaptation (Skrøppa & Kohmann 1997 , Kremer 2007 , Skrøppa et al. 2010 . Adaptation of trees can be supported by appropriate transfer of FRM, taking into account the seasonal adaptation (Savolainen et al. 2007 (Schmidtling & Sluder 1995) . However, transfer of FRM northward or at higher elevation increases the risk of failure due to sudden stress events. In this sense, nurserymen should collaborate with geneticists to identify genotypes resistant to extreme temperatures and water stress (Williams & Dumroese 2013) . Beside the choice of the best suited FRM (in terms of origin, type, quality, planting site and goal-specific management), tracking the identity of the transferred material is necessary. Unfortunately, at the operational level, application of this theoretical model is often limited by the FRM available on the market. FRM producers (including seed collectors, seed processing stations, nurseries) tend to minimize the number of species, due to economic and management reasons. This emphasizes the need of a project specific planning period of at least five years to allow the production of appropriate FRM for the majority of species, from seed source selection based on transfer guidelines, to seedling production and planting. Additional attention should be payed in situations when a large amount of FRM is needed in short time, after the occurrence of catastrophic events (forest fire, wind or frost damage on large areas).
Conclusion
High genetic diversity is essential for the long-term survival of forests, providing the basis for future adaptation and resistance to stress and changing environment. A high degree of GD is also needed in the case of FRM transfer to long distances or different climates to ensure local adaptation of the transferred material.
Many steps in the mass production of FRM may potentially lead to a reduction of GD in seedling stocks. Phenotype selection, transfer of FRM and breeding, are selective practices that favor specific genotypes. Seed processing and storage, as well as nursery conditions and operations, can also favor certain families and discard others. Furthermore, grading of seed and seedlings can result in unwanted directional selection of the FRM. However, based on the litarure analyzed in this review, no consistent decrease of genetic diversity has been observed during forest reproductive material production and planting. The adoption of appropriate collection strategies can maximize the genetic diversity in seed lots, aimed to avoid population genetic bottlenecks and maintain the largest effective population size. Collecting seeds from trees of different ages, as well as the mixing of seeds collected in different years, may contribute to maintain GD. Mixing of various classes of seeds before sowing is recommended in cases of afforestation for conservation purposes. Seed collection, processing and seedling production at family level, followed by mixing of seed/seedling families before their use is the safest way to preserve genetic diversity, though this complicates production practices and unduly increases their costs.
Nursery procedures aimed at providing the greatest number of plants per unit of seed, the highest percentage of acceptable trees and the maximum survival of outplanted seedlings, may reduce the risk of narrowing GD. Selection pressure on seedlings tends to reduce when growing conditions are favorable, so that weaker genotypes, non-competitive in natural conditions, can develop into high-quality seedlings. Regarding seedlings production, culling undersized seedlings has the greatest impact in terms of reduction in GD of the FRM. Standards for culling, especially based on height, should be adjusted by taking into account lower hierarchical levels of GD (provenance, population) and the final use of seedlings. Nursery production practices should provide a uniform planting material, with minimal need for culling.
Reforestation success relies on large local diversity, with a choice of appropriate species and proper transfer of FRM. The genetic diversity of the planting material is the result of previous operations carried out during its production. In this context, sowing seeds instead of planting seedlings reduces the risks of loss of GD as the result of directional selection during seed processing and seedling production. However, planting of seedlings is recommended, because it ensures a higher survival rate and a greater chance of success. High survival and high-density planting in reforestation programs promote natural selection in the new population.
